INTRODUCTION
The bonding in germanium clusters is relevant in many fields of chemistry, for example, the stability of Ge 60 cage compounds, 1 growth of germanium nanoclusters, 2 and the etching of crystalline germanium surfaces. 3 Furthermore, an understanding of how the cluster generation methods influence the size distribution of Ge clusters 4 along with the stability of Ge n (nϭ10-70) clusters 5 may be obtained by a better understanding of the stability of small Ge n clusters. Recent theoretical [6] [7] [8] [9] [10] [11] [12] and experimental [13] [14] [15] investigations of germanium clusters have focused on their geometries, electronic structures, spectroscopic constants, electron affinities, and binding energies.
Mass spectrometric work on germanium clusters began in the early 1950s. 16 Drowart et al. 17 reported the equilibrium partial pressure for Ge-Ge 6 at 1860 K, resulting from Knudsen effusion mass spectrometric experiments. Kant and Strauss 18 obtained atomization enthalpies for Ge 2 -Ge 7 from second-and third-law evaluations. Atomization energies from our laboratory have previously been reported for Ge 2 , 19 for Ge 3 and Ge 4 , 20, 21 and for Ge 3 -Ge 5 . 22 In continuation of our studies of the thermodynamic stabilities of small homonuclear clusters 21, 23, 24 employing the Knudsen effusion mass spectrometric method, we report here our results for the atomization energies and enthalpies of formation of the germanium clusters Ge 5 -Ge 8 . New thermal functions were calculated based on experimental and theoretical molecular parameters that have recently become available in the literature. For Ge 8 we have performed theoretical calculations of the molecular parameters needed. We also reevaluated the mass spectrometric literature equilibrium data for Ge 5 -Ge 7 employing the new thermal functions of the present work and correcting the reported partial pressures to be consistent with the assumptions used in the present study. All data have been combined into recommended assessed values for the atomization enthalpies, which are compared with recent theoretical results.
THERMAL FUNCTIONS
The harmonic-oscillator rigid-rotor approximation 25 was used in the evaluation of the Gibbs energy functions, 9 after multiplying them by a scaling factor of 0.9. 26 The same ground state structure as adopted for Ge 5 has been predicted for Si 5 . 27 The bond lengths for the respective ground state structures have been taken from Dai and Balasubramanian for Ge 5 ͑Ref. 8͒ and from Lanza et al. 9 for Ge 6 . For Ge 5 7 and for the ground state structure of Ge 8 they have been calculated at the Hartree-Fock level of theory using a triple-zeta polarized and diffuse basis set, HF/6-31ϩG*. The thermal functions calculated for Ge 5 -Ge 8 are given in Table I 
EXPERIMENTAL PROCEDURE
A single focusing, 12 in. radius, magnetic deflection, 90°s ector Nuclide Corporation Knudsen cell mass spectrometer was used in the present investigation. The specific instrument and experimental procedures employed have been described elsewhere. 30 The measurements of the germanium clusters were performed in connection with the investigation of germanium carbides, series 1 ͑Refs. 31, 32͒ and series 2. 31 Additional equilibrium data on Ge 5 have previously been obtained in our laboratory in connection with the investigation of palladium-germanium clusters above the system Pd-Ge ͑Refs. 33, 34͒ ͑series 3͒.
The ions were identified by their mass-to-charge ratios, ionization efficiency, and isotopic distribution. The electron energies, in eV, used are 14, 11, and 20 for series 1, series 2, and series 3, respectively. The ion intensity ratios, I(Ge n ϩ )/I(Ge ϩ ), measured for the most abundant m/e ratios, are given in Table II for series 1 and 2. For series 3 the ion currents for Ge ϩ and Ge 5 ϩ were taken from Kingcade. 33 The electron impact energy scale was calibrated with reference to the known first ionization potentials of Ge ͑7.88 V͒ 35 and/or Ag ͑7.57 V͒. 35 The average of the appearance potentials, in eV, are 8.0Ϯ0.6 and 7.8Ϯ0.6 for Ge 5 and Ge 6 , respectively. These can be compared with the mass spectrometric values 
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of 8.0Ϯ0.5 for both, Ge 5 and Ge 6 , 18 and theoretical 7 literature values of 7.15͑Ge 5 ͒ and 7.43͑Ge 6 ͒. The appearance potentials agree within the given error limits, except for the low theoretical value of Ge 5 .
The pressure calibration constant for germanium, k Ge , was obtained for series 1 and 2 for each temperature from the measured ion intensities of Ge ϩ by using the relation p i ϭk i I i T, where k i ϭk/(n␥) i is the pressure calibration constant, the ionization cross section, n the isotopic abundance, and ␥ the multiplier gain. The pressures used have been taken from Hultgren et al. 36 The resulting values for k Ge 40 Also the experimental value, ␥ Ag /␥ Ge , of 0.94 was used, yielding k Ge ϭ2.03ϫ10 Ϫ2 bar A Ϫ1 K Ϫ1 . The pressure calibration constants for the germanium polymers, k Ge i , were derived from k Ge employing the relation k Ge i ϭk Ge ͕(␥n) Ge /(␥n) Ge i ͖. The ratio of ionization cross sections of Ge i to that of Ge was assumed to be 0.75 i and the multiplier gain of the polymers taken to be equal to that of the monomer, assuming cancellation of mass and molecular effects. The calibration constants, resulting for Ge 5 
RESULTS AND DISCUSSION
The enthalpy of the reaction,
was evaluated according to the second-law method, based on a least-squares analysis of ln K p vs. 1/T plots, and according to the third-law method, using the relation
The results are presented in Table III for Ge 5 and Ge 6 , and in Table IV for Ge 7 and Ge 8 . Included in these tables are the temperature range of measurements and the number of data sets in each series of measurements. The second-law enthalpy of reaction at the mid temperature of measurements and at a reference temperature of 0 K, is also given along with the average of the third-law enthalpy for each series of measurement. For the germanium polymers, the thermal functions listed in Table I were used; those of Ge(g) were taken from Ref. 41 . The selected reaction enthalpy for each series is the weighted average of the second-law value, a weight of 1, and the third-law value, a weight of 2, when both values are available. For Ge 7 the second-law value from the combined data of series 1 and 2 was used.
The mass spectrometric data for Ge n ϩ in Refs. 16, 17, and 18 have been reevaluated by ͑a͒ adopting the thermal functions used in the present work, ͑b͒ deriving the pressure calibration constant by taking the partial pressure of Ge adopted in the present work, and ͑c͒ by using a consistent set of data for ionization cross section and multiplier gains. The reevaluated results have been included in Tables III and IV. In comparing the reevaluated literature data with the results of the present investigation, it must be noted that Kant and Strauss 18 give only a few representative I(Ge n ϩ )/I͑Ge ϩ ͒ Number of data sets reevaluated; the actual number of data sets measured is given in parentheses ͑see text͒. ratios on which our third-law reevaluation is based. Our reevaluation of their second-law value is based on the result given in their article at the mid temperature of 1800 K, which is corrected to 0 K reference temperature, by using our enthalpy increments from 16 show a large deviation from the mean but the mean value is just slightly lower than the recommended value. This may be taken as an indication that the vaporization coefficient of liquid germanium is close to unity. The single set of data by Drowart et al. 17 yields, for Ge 5 and Ge 6 , an atomization energy that is about 30 and 38 kJ mol
Ϫ1
, respectively, lower than the average from the other investigations. It has therefore not been included in our respective weighted average, and is not shown in Table III .
Fragmentation does not appear to be a problem. It would be expected to be largest for the data from Refs. 16 and 18, for which the largest electron impact energies, 45 and 20 or 70 eV, respectively, were used to produce the Ge n ϩ ions. Already Kant and Strauss 18 have noted that the I(Ge n ϩ )/I͑Ge ϩ ͒ ratios are independent of the electron energy, between 20 and 70 eV, used.
For Ge 7 we have also combined all data, series 1 plus series 2, for an evaluation, of a reliable second-law value, because of the few data points of each series and the short temperature range covered. The individual results for each series are shown for comparison. It can be noted that the selected value from Ref. 18 is about 50 kJ mol Ϫ1 lower than our selected value, and their second-law value is closer to ours.
For Ge 8 we obtained the first mass spectrometric value of its ⌬ a H 0 o . The large overall error is mainly due to the few data and the scatter between them.
The recommended value for the atomization energy of Ge 5 , Ge 6 , Ge 7 , and Ge 8 , which is the enthalpy of reaction 1, was obtained as the weighted average of the respective selected ⌬ r H 0 o values, resulting from the various investigations, given in Tables III and IV. The weight for each series or each literature value, respectively, was taken as the square root of number of data points. In the case of Ref. 18 , the number of points was taken as those given in parenthesis in Tables III and IV The enthalpies of formation of Ge 5 , Ge 6 , Ge 7 , and Ge 8 , listed in Table V , have been obtained from the present atomization energies and the enthalpy of sublimation from , result in 514.0Ϯ27 for Ge 5 , 543.2Ϯ33 for Ge 6 , 551Ϯ42 for Ge 7 , and 564Ϯ60. Clearly, the choice of the enthalpy of formation of atomic germanium has a significant effect on the enthalpy of formation of the gaseous germanium clusters.
The atomization energy derived from series 3 for Ge 5 has been based on data measured over a liquid germaniumpalladium alloy using the well-known dissociation energy of Ag 2 . 37 The selected third-law atomization enthalpy, Table  III , obtained from these data is practically the same as the selected value obtained from all data.
The enthalpy of formation for atomic germanium selected by Hultgren et al. 36 
COMPARISON OF EXPERIMENTAL AND THEORETICAL ATOMIZATION ENTHALPIES
In recent years theoretical methods have advanced to become chemically accurate in predicting binding energies for small clusters. This has been illustrated by Raghavachari and Curtiss 45 who compared the atomization energies ͑bind-ing energies͒ obtained by the Gaussian-2 ͑G2͒ theory with the corresponding experimental values reported from our laboratory for small carbon and silicon clusters. Recently the G2 theory has been extended to elements containing thirdrow atoms Ga-Kr ͑Ref. 46͒ and Deutsch et al. 10 have applied it to Ge 2 through Ge 5 .
In Table VI we compare their results with recent predictions by other theoretical methods with the experimental atomization energies of Ge 5 -Ge 8 obtained in the present investigation.
As can be seen from Table VI, for Ge 5 there is excellent agreement between the present experimental results and the predictions from the G2 theory. 10 The G2 ͑MP2͒ ͑Ref. 10͒ prediction, Gaussian-2 method using the second-order Møller-Plesset perturbation theory, also agrees within the error limits of the experimental value, whereas the density functional method, using the Becke three-parameter exchange functional with the Lee, Yang, and Parr correlation functional ͑B3LYP͒, predicts a value of 12.53 eV, 92% of the experimental value. The nonlocal spin density theory employing the B3LYP functional ͑NLSD/BLYP͒ results of Jackson et al. 7 account for about 95% of the binding energies for Ge 5 -Ge 7 . Menon 12 has used a minimal-parameter tight-binding theory to predict partially scaled values for all the clusters studied in the present investigation. His values are approximately 1 eV larger than ours. Journal of Chemical Physics is copyrighted by AIP Publishing LLC (AIP). Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. For more information, see http://publishing.aip.org/authors/rights-and-permissions.
